Simple tonal stimuli can shape spectral tuning of cortical neurons during an early epoch of brain development. The effects of complex sound experience on cortical development remain to be determined. We exposed rat pups to a frequency-modulated (FM) sweep in different time windows during early development, and examined the effects of such sensory experience on sound representations in the primary auditory cortex (AI). We found that early exposure to a FM sound resulted in altered characteristic frequency representations and broadened spectral tuning in AI neurons, whereas later exposure to the same sound only led to greater selectivity for the sweep rate and direction of the experienced FM sound. These results indicate that cortical representations of different acoustic features are shaped by complex sounds in a series of distinct sensitive periods.
Introduction
Cortical sound representation is remarkably adaptive early in life, during a "critical period" (Zhang et al., 2002; de Villers-Sidani et al., 2007) . Previous examinations of the "critical period" in the auditory cortex have typically used simple tonal stimuli. Repeated exposure of rat pups to a tone, for instance, has been shown to selectively enlarge cortical representation of the tone and alter perceptual behaviors (Zhang et al., 2001; Chang and Merzenich, 2003; de Villers-Sidani et al., 2007; Han et al., 2007) . However, probing cortical plasticity with a single-frequency tone might not reveal the full complexity and dynamics of critical period plasticity. Natural, biologically important sounds are generally complex in spectrotemporal structures (Singh and Theunissen, 2003) . Psychophysical studies indicate that early experience of complex sounds has a profound impact on auditory perception and perceptual behaviors. Experience with speech, for instance, shapes language-specific phonemic perception, enhancing perceptual contrasts of native speech sounds and reducing perceptual contrasts of some foreign speech sounds (Werker and Tees, 1984; Kuhl et al., 1992; Kuhl et al., 2006) . At the electrophysiological level, auditory cortical neurons preferentially respond to certain complex sounds, such as species-specific animal vocalizations (Wang and Kadia, 2001) . It is unclear how such selectivity for complex sounds emerges, and whether it is innate or shaped by early experience.
Complex sounds are processed in the auditory cortex by neurons that are selective for sound features on multiple acoustic dimensions, such as spectral composition, amplitude modulation, and frequency modulation (Nelken and Versnel, 2000; Loftus and Sutter, 2001; Lu et al., 2001; Linden et al., 2003; Atencio et al., 2007) . While previous studies have shown that spectral and temporal selectivity are shaped by sensory inputs during the critical period (Zhang et al., 2001; Chang and Merzenich, 2003; Chang et al., 2005; de Villers-Sidani et al., 2007; Han et al., 2007) , it remains to be determined whether selectivity for complex sound features, such as frequency modulated sweeps, can be altered by early sound exposure.
Earlier studies indicate that selectivity for distinct sound features is performed by different cortical circuits. The characteristic frequency (CF) and the tuning bandwidth (BW), for example, may be determined by thalamocortical and intracortical excitatory connections (Kaur et al., 2004; Metherate et al., 2005; Liu et al., 2007) , whereas selectivity for frequency-modulated (FM) sweeps is shaped by intracortical inhibitory circuits underlying the inhibitory receptive field of the neuron (Zhang et al., 2003; Razak and Fuzessery, 2007) . These circuits develop in different developmental stages (Gao et al., 1999; Metherate and Aramakis, 1999; Zhang et al., 2001; Arimatsu and Ishida, 2002; Luczyñska et al., 2003; Chang et al., 2005; Larsen and Callaway, 2006) , raising the question of whether selectivity for features on different acoustic dimensions is shaped by sensory experience simultaneously or sequentially, and interactively or independently.
To address these questions, we exposed rat pups to downward FM sweeps in different time windows during development, and examined their cortical response properties. Our results indicate that exposure to FM sweeps induces multiple forms of plasticity in sound representations in primary auditory neurons, depending on the time windows of sound exposure. These results indicate that there are multiple feature-dependent sensitive periods in the development of complex sound representation.
Materials and Methods
Acoustic rearing. All procedures used in this study have been approved by the UC Berkeley Animal Care and Use Committee. Litters of rat pups (female, Sprague Dawley) and their mothers were placed in an anechoic sound-attenuation chamber for a brief period, comprising one or a com-bination of four time windows (window 1, P8 -P15; window 2, P16 -P23; window 3, P24 -P31; and window 4, P32-P39). Trains of logarithmic frequency modulated (FM) sweeps (frequency varied exponentially with time from 50 to 0.5 kHz at a rate of Ϫ80 octaves/s, 60 dB SPL, five sweeps in a train at 5 Hz, with 500 ms quiet periods between trains; all speakers had Ͻ3% spectral distortion, and their output levels were calibrated for the entire output frequency range) were played to the animals 24 h/d. In addition, the acoustic environment could also contain vocalization sounds produced by the animals, mainly in a frequency range Ͼ30 kHz. After the exposure period, the animals were returned to standard housing conditions.
Electrophysiological recording. The primary auditory cortex of sweepexposed and naive animals were mapped under pentobarbital anesthesia (50 mg/kg for induction, 10 -20 mg/kg supplemental, as needed; intraperitoneal injections) at ages P40 to P60. Animals in different groups were approximately age matched. The primary auditory cortex was defined by its tonotopic organization and reliable neuronal responses to tone pips of selective frequencies. Neurons were evenly sampled from the primary auditory cortex using parylene-coated tungsten microelectrodes (2 M⍀) advanced 500 -600 m below the pial surface (layer 4/5), and responses to 25 ms tone pips of 51 frequencies (1-32 kHz, 0.1 octave spacing) and 8 sound pressure levels (0 -70 dB SPL, 10 dB steps) were recorded three times to reconstruct the response-frequency tuning curve. Responses to a series of FM sweeps (frequency range, 0.5-50 kHz; sweep rates, 30, 45, 60, 75, and 90 octaves/s, in both up and down directions) were also recorded three times to determine the neurons' selectivity for FM sweep rates. Tone pips and FM sweeps were intermixed and presented in a pseudorandom order.
Analysis. The CF and tuning bandwidth of each neuron were determined automatically, which involves smoothing and thresholding of the receptive field. The CF was calculated as the center of mass of the receptive field. To generate CF maps, Voronoi tessellation was performed to create tessellated polygons, with each polygon corresponding to an electrode penetration site, and assigned the CF of the site. The magnitudes of responses to FM sweeps were determined in 30 ms response windows that were automatically set to best fit the response latencies at all the different sweep rates. Under the assumption that the neuronal response was triggered by a specific frequency (denoted as f in kHz) in the FM stimuli, for upsweeps, FM_Rate ϫ (T Ϫ T min ) ϭ log 2 ( f ϫ 0.5 Ϫ1 ), in which T is the measured latency of the response to the sweep at the FM_Rate, and T min is the minimal response delay. A regression analysis was performed on FM_Rates and Ts to derive T min and f. The expected latency was then calculated as T exp ϭ log 2 ( f ϫ 0.5
A 30 ms window centered at T exp was used as the response window. The number of spikes in the response window was counted as the response magnitude. Spontaneous firing was determined from the 30 ms prestimulus period, and was subtracted from the response to . Exposure to frequency-modulated sounds in the third and fourth time windows alters sweep direction selectivity. A, B, Raster plots of responses to FM sounds recorded from high frequency selective neurons in naive and FM-exposed animals, respectively. The red horizontal bars denote the 30 ms response windows. Note the selective response to downward-modulated sounds in B. C, Representative cortical maps of the 2 -based sweep direction selectivity. Direction selectivity index was calculated from responses to upward and downward sweeps at a rate of 90 octaves/s. Experimental animals were exposed to downward sweeps in four different time windows. Animals that had heard the downward sweeps in window 4 showed a negative shift of the selectivity index, indicating that the neurons were more selective for downward sweeps than those of the other groups.
Our visual inspection indicated that the response windows consistently captured the phasic cortical responses to the sweeps (see Fig. 1 ).
A sweep direction selectivity index (SDSI) was calculated as (R up Ϫ R down )/(R up ϩ R down ), in which R up is response magnitude to the upsweep, and R down is response magnitude to the downsweep. To avoid bias by small responses, we calculated a 2 -based statistic of upsweep selectivity:
Determining the locations of recorded sites on the tonotopic axis. A line connecting the site with the highest CF and that with the lowest CF was defined as the tonotopic axis. The maps were rotated to orient the tonotopic axis horizontally. For all recorded sites in each map, a linear regression was performed in the form of log(CF) ϭ k(X Ϫ c), in which CF is the characteristic frequency in kHz, and X is the x-coordinate, of the recorded site. Then, X Ϫ c is used as the location of the recorded site on the tonotopic axis.
Unless stated otherwise, statistical significance was quantified with ANOVA and post hoc Bonferroni's test using StatView (SAS Institute). Data are presented as mean Ϯ SEM.
Results

A sensitive period for cortical FM direction selectivity
Auditory cortical neurons are selective for FM directions at 80 octaves/s, which corresponds to the highest sweep rate at which rats can discriminate sweep directions (Zhang et al., 2003; Gaese et al., 2006) . To probe plasticity, we exposed rat pups to downward logarithmic FM sweeps (50 to 0.5 kHz, 60 dB SPL, Ϫ80 octaves per second, 5 sweeps in a train at 5 Hz, with 500 ms of silence between trains) in one of four time windows (window 1 through window 4, see Materials and Methods). Cortical spectral and FM representations were examined in both sweep-exposed and control animals at ages P40 to P60. Auditory cortical neurons typically responded to the testing FM sweeps with a brief burst of spikes ( Fig. 1 A, B) . This FM response was quantified using the number of spikes in a 30 ms response window (automatically determined with an analysis program; for details, see Materials and Methods). To investigate whether direction selectivity was altered by sweep exposure, a sweep direction selectivity index (SDSI) was calculated as (R up Ϫ R down )/ (R up ϩ R down ). Because SDSI can be biased by weak responses, we calculated a 2 -based statistic that measures the significance of sweep direction selectivity:
Neurons selective for upward FM sweeps will have a positive SDSI and a positive 2 -SDSI.
Animals that were exposed to the downward FM sweeps in windows 3 and window 4 showed significantly lower SDSIs and 2 -SDSIs near the exposure FM rate of 80 octaves/s (at 75 and 90 octaves/s) (Fig. 2 A, B) ( p Ͻ 0.05, ANOVA, compared with all other groups), indicating increased selectivity for the experienced downward FM sweep. Examination of the SDSI of individual neurons revealed that in naive animals, most direction selective neurons preferred upsweeps (Fig. 1C) . In the animals that were exposed to the downward FM sweep in window 4, fewer neurons selected for upsweeps and more neurons preferred downsweeps (ANOVA group comparison, p Ͻ 0.05). Exposure to downsweeps can alter the number of low-CF neurons (see results below and Fig. 3 ). To avoid potential bias caused by this difference in CFs, we calculated SDSI only for neurons with CFs Ͼ4 kHz. The results of this subset analysis did not differ from those of analysis of all neurons (ANOVA, p Ͼ 0.1). Adult animals (Ͼ3 months old) that had been exposed to the same downward FM sweep for 4 weeks showed no changes in sweep direction selectivity (Fig. 2) ( p Ͼ 0.5).
We also identified the sweep rate that activated the strongest response in each neuron, which we defined as its best FM rate. Initial examination of the best FM rate showed no significant difference among the naive, window 1, and window 2 groups, or between the window 3 and window 4 groups; we therefore collapsed those conditions for all further analyses. Neurons that had a best FM rate at Ϫ90 octaves/s were more frequently observed in window 3/window 4 animals than in naive/window 1/window 2 animals ( Fig. 2C ) ( 2 test, p Ͻ 0.05). In window 3 and window 4 animals, more neurons had better FM rates at Ϫ90 octaves/s than at Ϫ30 octaves/s (Fig. 2C ) ( 2 test, p Ͻ 0.05). The downward/upward response ratios were also significantly increased in the window 3/window 4 animals for 75 and 90 octaves/s rates when compared with the slower rates, and when compared with the ratios in the naive/window 1/window 2 animals for the same 75 and 90 octaves/s rates (Fig. 2 D) ( 2 test, p Ͻ 0.05). These results indicate that some cortical neurons shifted their FM rate selectivity to that of the experienced sweep. The sensitive period for FM direction selectivity observed in this study coincides with the maturation of inhibitory areas in the frequency-intensity receptive field (Chang et al., 2005) , which may contribute to FM direction selectivity (Zhang et al., 2003; Razak and Fuzessery, 2007) .
Exposure to FM sweeps alters the CF and BW of cortical neurons
An analysis of spectral tuning revealed that exposure to the FM sound in window 1 significantly reduced the number of neurons tuned to frequencies Ͻ4 kHz ( 2 test, p Ͻ 0.05) (Fig. 3) . More neurons in window 1 animals were tuned to 4 -8 kHz ( 2 test, p Ͻ 0.05), suggesting that there was a shift from low to high CFs. This effect was not seen in animals exposed to the sound in the later time windows.
The BWs of the animals that were exposed to the FM sweeps in . Exposure to downward sweeps in all four windows alters CF distribution and sweep direction selectivity. A, The SDSI was down-shifted in animals that had been exposed to downward sweeps in windows 1 through 4, but not in animals exposed to the sweep in windows 1 and 2. B, 2 statistic of sweep direction selectivity. C, Characteristic frequency distribution along the tonotopic axis. Both window 1-2 and window 1-4 groups had fewer neurons tuned to frequencies Ͻ4 kHz. D, Tuning bandwidth as a function of sound pressure levels. The window 1-2 group, but not the window 1-4 group, showed broadened frequency tuning at 50 -70 dB SPL. *p Ͻ 0.05. window 2 were significantly broader that those of the other groups at high sound pressure levels from 50 to 70 dB (Fig. 4) (ANOVA, p Ͻ 0.05). The effect was seen in neurons of all CF ranges. The BW of auditory cortical neurons undergoes rapid developmental changes in a brief period from P16 to P18 (see results below and Fig.  6 ). Our results indicate that exposure to broadband stimuli during this period shapes broadly selective receptive fields. Exposure to the same downward FM sweep for 4 weeks did not change cortical CF maps (Fig. 3) or bandwidths (Fig. 4) in adult animals (Ͼ3 months).
We examined the auditory cortex of animals that had been exposed to 80 octaves/s downward FM sweeps in windows 1-2, and found reduced representations of frequencies Ͻ4 kHz ( 2 test, p Ͻ 0.05), broadened tuning bandwidth (ANOVA, p Ͻ 0.05), but no downward shift of FM direction selectivity (Fig. 5) . Animals that had been exposed to the downward FM sweeps in all four windows showed reduced representations of frequencies Ͻ4 kHz ( 2 test, p Ͻ 0.05) and an increase in downward FM direction selectivity (Fig.  5) (ANOVA, p Ͻ 0.05) in primary auditory cortical neurons. The neuronal tuning bandwidth, however, was not broadened (Fig. 5D ) (ANOVA, p Ͼ 0.5). Thus, sound experience in window 1 did not prevent subsequent broadening of frequency tuning in window 2 or shift of FM direction selectivity in windows 3 and 4. Furthermore, although exposure to downward FM sweeps in windows 3 and 4 does not change the BW (Fig. 4) ( p Ͼ 0.5), it can renormalize the broadened tuning caused by earlier experience in window 2, suggesting that the plasticity effects induced in different sensitive periods may be interactive (i.e., reduction of BW in windows 3 and 4 depends on the increase of BW in window 2). Results for all six conditions are summarized in Table 1 .
Development of cortical responses
To determine whether the three sensitive periods are correlated with specific developmental events, we examined the development of cortical acoustic representations in naive animals. By the end of window 1, the CF map of the primary auditory cortex of the naive group became finely tonotopic, and AI neurons showed narrow spectral tuning (Fig. 6B) , as reported previously (de Villers-Sidani et al., 2007) . Most AI neurons represented middle frequencies, with less representation of frequencies Ͻ4 kHz or Ͼ25 kHz (for example, see Fig. 7 ). Spectral tuning rapidly became broader between P16 and P18 (Fig. 6 B) , coinciding with the sensitive period for tuning bandwidth. Tuning remained broad throughout windows 3 and 4. Cortical responses to FM sweeps were direction selective in all four windows, with no significant difference between the strengths of sweep direction selectivity in the four windows (Fig. 6C) ( p Ͼ 0.5) . The magnitude of cortical responses to FM sweeps was quantified with the maximum and mean responses to the 10 sweeps used in the experiment (i.e., upward-and downward-modulated sweeps at 30, 45, 60, 75, 90 octaves/s). Both the maximum and the mean response magnitudes to FM sweeps increased rapidly between P24 to P26, coinciding with the onset of the sensitive period for FM sweep direction selectivity (for example, see Fig. 6C ). The coincidences between the emergence/maturation of sound feature representations and the sensitive period of the corresponding features suggest that sensory development and plasticity involve the same cortical substrates.
Discussion
The results of the present study indicate that primary auditory cortical representations are shaped by different features of the same sound in distinct time windows. We referred to these time windows as sensitive periods in the present study to indicate the different time windows of feature sensitivity within the critical period of heightened cortical plasticity. Thus, the critical period of sensory development in the primary auditory cortex is not a unitary event, but comprises a series of feature-dependent sensitive periods. Sensitive periods for more complex sound features tend to occur later, with each sensitive period approximately coincidental with the emergence or maturation of the cortical representation of the corresponding feature-the sensitive period for the cortical tonotopic CF map reside in window 1, when the cortical map first emerges (de Villers-Sidani et al., 2007) ; the sensitive period for bandwidth plasticity is located in window 2, when BWs of cortical neurons increase normally; plasticity for FM direction selectivity occurs in windows 3 and 4, when strong cortical responses to FM sounds develops (Zhang et described in the present study are determined by normal experience-dependent development of sensory representations. Earlier studies have suggested that the sensitive period for visual direction selectivity may occur later than that for ocular dominance plasticity (Daw and Wyatt, 1976; Li et al., 2006) . The two types of plasticity were induced with different procedures in those studies, and involved different sensory inputs, which might have contributed to the observed differences in the timing of the sensitive periods. Experience-dependent plasticity occurs in the auditory brainstem in specific time windows (Clopton and Silverman, 1977; Knudsen, 1985; Yu et al., 2005) , and brainstem responses to different types of sounds may develop sequentially (Johnson et al., 2008) . Acoustic input/feedback also drives sensory and motor phases of bird song learning in different time windows (Doupe and Kuhl, 1999) . Here we have demonstrated that the auditory cortex extracts different information from the same stimuli to shape its cortical circuits in different developmental stages, revealing the progressive nature of the development of complex sound representations. Our findings suggest that sensory inputs must match the processing capacity of the sensory system to improve processing efficiency.
The distinct sensitive periods suggest that CF, BW, and sweep direction selectivity are determined by different cellular circuitries, and cortical plasticity in those response properties occurs in corresponding circuitries (Hensch, 2004) . In our experiments, the downward FM sweep activates high-CF neurons before it activates low-CF neurons, possibly enhancing intracortical excitatory connections from high-CF to low-CF neurons through spike-timing dependent plasticity (Yao and Dan, 2001; Fu et al., 2002) , and causing an upward shift in CFs. Several recent studies have shown balanced excitatory and inhibitory frequency input to auditory cortical neurons, suggesting that frequency tuning is mediated primarily by excitatory input (Fu et al., 2002; Wehr and Zador, 2003; Zhang et al., 2003; Tan et al., 2004) . The slightly lagged inhibitory input may serve to shape sweep selectivity and the precise timing of cortical responses (DeWeese et al., 2003; Zhang et al., 2003; Kandler, 2004; Razak and Fuzessery, 2007) . The inhibitory circuit may also be involved in sculpting the excitatory circuit in cortical plasticity (Zheng and Knudsen, 1999; Fagiolini and Hensch, 2000; Fagiolini et al., 2004; Froemke et al., 2007) . Recent studies have also suggested that the CF and BW may be determined differently by thalamocortical and intracortical connections (Kaur et al., 2004; Metherate et al., 2005; Liu et al., 2007) . Thus, the three sensitive periods in the primary auditory cortex might be mediated separately by thalamocortical, intracortical excitatory, and intracortical inhibitory circuits.
Studies of cognitive development have revealed multiple, hierarchical sensitive periods (Ruben, 1997; Werker and Tees, 2005) . The sensitive period for phonological development, for instance, precedes those for syntactic and lexical development. Even The vertical axis of the receptive field plots depicts sound intensity from 0 to 70 dB SPL. The horizontal axis depicts frequencies from 1 to 32 kHz. Neurons in the primary auditory cortex of the P14 animal had narrower frequency tuning than the older animals, while their response thresholds were comparable. The size and shape of the functionally determined primary auditory cortex were more variable in juvenile animals (ϽP40) than in adults (ϾP40). The difference in AI sizes seen here was not significant ( p Ͼ 0.05).
within phonological development, speech experience alters vowel perception before shaping the perception of acoustically distinct consonants (Kuhl et al., 1992; Polka and Werker, 1994; Werker and Tees, 2005) . We may consider static vowel sounds to be analogous to pure tones, and dynamic consonants to be more similar to FM sweeps. The multiple sensitive periods shown in the present study may be relevant to sequential phonological development.
